ABSTRACT. Cancer has become the leading cause of death in developing countries due to increased life expectancy of the population and changes in lifestyle. Studies on active principles of plant have motivated researchers to develop new antitumor agents that are specific and effective for treatment of neoplasms. Kaurane diterpenes are considered important compounds in the development of new and highly effective anticancer chemotherapeutic agents due to their cytotoxic properties in the induction of apoptosis. We evaluated the cytotoxic and apoptotic activity of the epimer of kaurenoic acid (EKA) isolated from the medicinal plant Croton antisyphiliticus (Euphorbiaceae) toward tumor cell lines HeLa and B-16 and normal fibroblasts 3T3. Based on analyses with the MTT test, EKA showed cytotoxic activity, with half maximal inhibitory concentration values of 59.41, 68.18 and 60.30 µg/ mL for the B-16, HeLa and 3T3 cell lines, respectively. The assay for necrotic or apoptotic cells by differential staining showed induction of apoptosis in all three cell lines. We conclude that EKA is not selective between tumor and normal cell lines; the mechanism of action of EKA is induction of apoptosis, which is part of the innate mechanism of cell defense against neoplasia.
INTRODUCTION
According to the World Health Organization, cancer is the leading cause of death worldwide (WHO, 2008) . Its impact on world public health was projected to increase from 12.4 million new cases and 7.6 million deaths in 2008 to 26.4 million new cancer cases and 17 million deaths in 2030. The low-and middle-income countries account for 70% of all cancer deaths, which are mainly caused by tobacco use, alcohol use, unhealthy diet, and physical inactivity (Jemal et al., 2011) . Among the many different types, lung cancer is the leading cause of cancer deaths worldwide (1.37 million deaths), followed by stomach (736,000 deaths), liver (695,000 deaths), colorectal (608,000 deaths), breast (458,000 deaths), and cervical (275,000 deaths) cancer (Ferlay et al., 2010) . Among these, cervical cancer is the second most commonly diagnosed cancer in women worldwide and is an important public health problem among adult women in developing countries, which account for 85% of the 533,000 worldwide cases (Ferlay et al., 2010; Arbyn et al., 2011) . Lately, however, other types of cancer have emerged as new burdens for public heath, such as melanoma, which is now one of the most common forms of cancer. According to the USA and Canadian cancer societies, over 75,000 North Americans were expected to be diagnosed with melanoma and over 9000 were expected to die from it in the year 2011. The poor response of metastatic melanoma to most systemic therapies and its 5-year survival rate ranging from 5 to 10% reinforce its importance as a health care issue (Balch et al., 2001) .
Although there have been successful uses of many chemotherapeutic agents in the treatment of several kinds of cancer, the development of drug resistance by cancer cells has limited their application in systemic or local treatment (Szakacs et al., 2006) . This has become a challenge that has prompted the search for new types of compounds with suitable pharmacological properties to overcome the different resistance mechanisms involving decreased uptake of water-soluble drugs, changes in cell metabolism that affect the capacity of cytotoxic drugs, and increased energy-dependent efflux of hydrophobic drugs that easily enter the cells by diffusion through the plasma membrane (Roberti et al., 2006; Szakacs et al., 2006) . Natural products are a rich source of new drugs, and numerous substances with cytotoxic activity have been isolated from natural products of plant origin (Gordaliza, 2007; Newman and Cragg, 2012 ). An important class includes the diterpenes, which have been recognized for a wide range of pharmacological properties such as antiinflammatory, antiulcer, antiviral, cytotoxic, antimicrobial, gastroprotective, and analgesic activities (Navarro et al., 2000; Januario et al., 2004; Paula de Oliveira et al., 2011; Premprasert et al., 2012; Vidal et al., 2012) . A classic example is Taxol (paclitaxel), a plant-derived tubulin-binding diterpene that inhibits cell proliferation and induces cell apoptosis (Rowinsky, 1997) . It has been approved for use in the treatment of AIDS-related Kaposi sarcoma, breast cancer, non-small cell lung cancer, and ovarian cancer. Moreover, the drug also shows activity against cancers of the esophagus, bladder, and head and neck (Mekhail and Markman, 2002; Sun et al., 2009 ).
Kaurane diterpene induces apoptosis in tumor cells
Phytochemical investigations on the genus Croton (family Euphorbiaceae) have shown that these plants produce diterpenoids of various skeletal types such as cembranoids, clerodane, neoclerodane, halimane, isopimarane, kaurane, secokaurane, labdane, phorbol, and trachylobane (Salatino et al., 2007) . Kaurane diterpenes are considered important compounds in the development of new effective cancer chemotherapeutic agents due to their cytotoxic property (Cavalcanti et al., 2009 ) being related to the induction of apoptosis via inhibition of NF-κB and activation of caspase 8 (Mongelli et al., 2002) . The clonal expansion of transformed cells depends on a lack of proliferative capacity and decreased cell death by apoptosis. Most malignant tumors are characterized by resistance to apoptosis, and as a result, apoptosis becomes a potential target for both therapeutic use of programmed cell death and for understanding the mechanisms of resistance to radiotherapy and chemotherapy (Olsson and Zhivotovsky, 2011) .
The present study investigated the cytotoxic activity of the diterpene epimer of kaurenoic acid (EKA) isolated from Croton antisyphiliticus against cell lines of human cervical carcinoma (HeLa), murine melanoma (B-16) and normal mouse embryo fibroblasts (3T3) using the MTT assay. In addition, we evaluated apoptosis induction in these cell lines as a mechanism of drug action.
MATERIAL AND METHODS

Chemical agents
Fetal bovine serum was purchased from Cutilab (Campinas, São Paulo, Brazil). Penicillin, streptomycin, doxorubicin, Dulbecco's modified Eagle's and HAM-F10 medium, DMSO, isopropanol, MTT, actinomycin D, acridine orange, ethidium bromide, and trypsin were obtained from Sigma Chemicals (St. Louis, MO, USA).
The diterpene EKA (Figure 1 ) was isolated from the chloroform extract of C. antisyphiliticus roots and kindly provided by Prof. Ana Maria Soares Pereira (Biotechnology Unit, UNAERP). The purity of EKA and its chemical identity were checked by NMR and mass spectrometry techniques (data not shown). 
Cytotoxicity testing
Cells were incubated at 37°C in a humidified atmosphere containing 5% CO 2 . 3T3 (normal mouse embryo fibroblasts) and HeLa (human cervical carcinoma) cell lines were grown in Dulbecco's modified Eagle's medium (Sigma), while B-16 cells (murine melanoma) were grown in HAM-F10 medium, both media supplemented with 10% fetal bovine serum and 100 U/mL penicillin and 100 μg/mL streptomycin to prevent bacterial growth. A stock solution (50 mg/mL) of EKA was prepared in 10% DMSO. EKA was directly diluted in the medium to obtain concentrations ranging from 0.8 to 100 µg/mL. The final concentration of DMSO was less than 0.2% to avoid solvent toxicity and had no negative effects on the cell lines. Doxorubicin (4 µg/mL) was used as the positive control. Cells were trypsinized (0.15% trypsin), counted in a hemocytometer and incubated on a 96-well plate (5 x 10 3 cells/well) for 24 h. After the addition of the diterpene or vehicle dissolved in fresh medium, the cells were incubated at 37°C in a 5% CO 2 atmosphere for 72 h and cytotoxicity was determined by the MTT assay (Mosmann, 1983) . Accordingly, MTT (5 mg/mL in Hanks solution, 20 µL/well) was added to the 96-well plate, and the cells were incubated for 4 h under the same conditions. All cell treatments were carried out in triplicate. The formazan dye formed was extracted with 200 µL DMSO incubated for 1 h under the same conditions and quantified spectrophotometrically at 550 nm in a Thermo Plate reader. The absorbance of untreated cells was used as a reference.
Detection of apoptosis
Apoptosis was analyzed as described by Ribble et al. (2005) . Briefly, 5 x 10 3 cells of the 3T3, HeLa and B-l6 cell lines were grown in 25-cm 2 flasks for 24 h as described above. Fresh medium with 100 µg/mL EKA was added, and cells were incubated for 72 h. Afterwards, cells were harvested by trypsinization, and centrifuged at 2500 rpm (129 g) for 5 min. Doxorubicin was used as the positive control (4 µg/mL). All cell treatments were carried out in triplicate. The cells were resuspended in 150 μL acridine orange and ethidium bromide (100 μg/mL each), and a 20-μL aliquot of cell suspension was examined under a fluorescence microscope. The number of viable, apoptotic and necrotic cells was determined for 300 cells per treatment.
Data analysis
The cytotoxicity results were analyzed by ANOVA (two-paired samples for average) at a level of significance of P < 0.05. IC 50 values were calculated by nonlinear regression analysis. The results of apoptosis are reported as means ± standard deviation and were analyzed by one-way ANOVA, followed by the Tukey test.
RESULTS AND DISCUSSION
The MTT assay was used to evaluate the cytotoxicity of EKA isolated from C. antisyphiliticus against different mammalian cell lines (Table 1) . The diterpene showed moderate cytotoxic activity toward the cell lines HeLa and B-16, with IC 50 values of 68.18 and 59.41 μg/ mL, respectively. Doxorubicin showed an IC 50 of 2.0-3.23 µg/mL against the tumor cell lines and normal fibroblasts. The EKA also exhibited cytotoxic activity against the normal 3T3 cell line (IC 50 = 60.30 µg/mL), demonstrating that this diterpene was not specific for tumor cells. This fact is commonly reported for current chemotherapeutic agents, as also observed for doxorubicin in our tests. The most commonly used drugs are those that simply kill tumor cells, but they also end up damaging or killing neighboring healthy cells (Mancebo et al., 2002) . The anticancer drugs available on the market today are not target specific and have many side effects, besides complications in the clinical treatment of cancer of various cell types (Patel and Goyal, 2012) . The nonspecificity of antitumor drugs causes an undesirable number of specific and nonspecific effects. Some of the nonspecific effects are nausea and vomiting, renal failure, diarrhea, and alopecia, among others. Renal, liver, lung, and digestive toxicity are among the nonspecific effects (Mardini and Record, 2005) , besides the cardiac toxicity of anthracyclines, that is, the class of doxorubicin (Barry et al., 2007) . These factors have driven the urgent development of new effective and less toxic therapeutic approaches. Thus, the discovery of drugs from medicinal plants may play an important role in cancer treatment. Kaurane diterpenes are considered important compounds in the development of new highly effective anticancer chemotherapeutic agents (Cavalcanti et al., 2010) . Kaurene diterpenes such as EKA have been considered important for the development of new effective anticancer compounds due to their cytotoxic property related to induction of apoptosis via inhibition of NF-κB and activation of caspase 8 (Mongelli et al., 2002) . According to our results, EKA induced apoptosis in 3T3, HeLa and B-16 at a high concentration of 100 µg/ mL, while doxorubicin induced necrosis more frequently than apoptosis in all cell lines at a concentration of 4 µg/mL (Figure 2) . One of the most important advances in cancer research is the recognition that apoptosis is an important phenomenon in chemotherapy. An effective anticancer drug must kill or disable tumor cells without causing excessive damage to normal cells. This ideal situation occurs with drugs that selectively induce apoptosis in tumor cells. Apoptosis is part of the innate mechanism of cell defense against neoplasia and several cancer chemotherapeutic agents act by inducing apoptosis. This is a driving force behind the intense investigation of the molecular mechanisms of apoptosis, which has become a strategic target in cancer treatment (Kim et al., 2002; Grivicich et al., 2007) . Cavalcanti et al. (2009) evaluated the activity of kauran-19-oic acid in a number of lymphocytic tumor cell lines treated for 72 h. The kaurane compound showed moderate cytotoxic activity against all strains tested compared with doxorubicin and did not show selective activity against tumor cell lines. Moreover, the apoptosis and necrosis assays with HL-60 leukemic cells showed that the kaurane compound, after 4 h of treatment, induced an increase in the number of apoptotic cells in a dose-dependent manner. Three compounds induced apoptosis by activation of caspase-8, while one induced apoptosis via induction of caspase-9. These results suggested that these kaurenoic acid derivatives act on tumor cells through induction of apoptosis. Thus, the results of the present study are in agreement with the literature, since it was shown that the diterpene studied, a kaurenoic acid derivative, induced apoptosis in 67 to 83.22% of HeLa, B-16 and 3T3 cells.
In conclusion, this is the first report of an epimer of kaurenoic acid isolated from C. antisyphiliticus, exhibiting moderate cytotoxic activity against a cervical cancer and melanoma cell line but also advantages in terms of its mechanism of action by inducing apoptosis in tumor cells. Furthermore, it should be emphasized that even if a plant-derived molecule cannot be directly used as a medicinal product, it can serve as a template for the synthesis or generation for the development of new anticancer agents (Brandão et al., 2010) .
